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I .  INTRODUCTION 

This  report  describes  research  performed  during  the  period 
15  April  1987  to  15  April  1990  under  the  auspices  of  AFOSR  Grant 
No.  AFOSR-87-0210.  The  program,  entitled  "Physical  Chemistry  of 
Energetic  Nitrogen  Compounds,"  had  as  its  global  objectives  the 
development  of  an  understanding  of  energy  storage  mechanisms  in 
small  nitrogen  containing  molecules,  and  of  the  dynamics  of  dis¬ 
sociation  processes,  reactions,  and  energy  transfer  systems  in 
which  these  species  take  part.  This  information  is  relevant  to  a 
number  of  specific  issues  of  concern  to  the  scientific  community 
and  the  DOD,  in  particular  the  development  of  new  high  energy 
density  propellants,  new  laser  systems,  and  the  modeling  of  ener¬ 
getic  phenomena  in  the  atmosphere. 

The  program  was  divided  into  three  general  areas  of  re¬ 
search,  which  were  energetic  processes  in  isocyanate  systems, 
halogen  amine  chemistry,  and  dissociation  processes  in  halogen 
azides.  These  three  areas  represent  different  classes  of  highly 
energetic  nitrogen-halogen  molecular  systems  which  are  particu¬ 
larly  relevant  to  the  issues  noted  above.  In  each  area,  a  number 
of  individual  projects  were  performed.  Since  the  results  of 
these  projects  have  been  reported  in  detail  in  publications  in 
the  open  literature  (See  Section  V  below),  only  a  brief  summary 
of  each  project,  along  with  an  assessment  of  the  significance  of 
the  results,  is  presented  below. 
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II.  ENERGETIC  PROCESSES  IN  ISOCYANATE  SYSTEMS 


1 .  Photochemistry  of  C1NC0 

The  halogen  isocyanates  (XNCO,  X  =  halogen)  are  isoelec- 
tronic  to  the  very  highly  energetic  halogen  azide  molecules, 
whose  photochemistry  was  studied  in  our  laboratory  under  a  pre¬ 
vious  AFOSR  supported  program.1  The  isocyanates  are  interesting 
in  that  they  are  a  much  better  behaved  species  (e.g.,  they  can  be 

O 

purified  by  fractional  condensation  without  exploding  ) ,  yet  are 
still  metastable  with  respect  to  dissociation  to  ground  state  NX 
and  N2  fragments. ^  The  issues  of  interest  for  these  molecules 
are  the  amounts  of  energy  they  contain  (i.e.,  their  heats  of 
formation),  and  the  specific  mechanisms  of  energy  release  upon 
reaction  or  photodissociation. 

Figure  1  shows  UV  absorption  spectra  recorded  in  our  labora¬ 
tory4  for  C1NC0,  BrNCl ,  and  INCO.  Three  distinct  absorptions  are 
evident  in  each  case,  with  a  clear  progression  to  higher  wave¬ 
lengths  in  the  series  C1NC0,  BrNCO,  INCO.  Also  of  interest  is 
the  fact  that  these  absorptions  are  such  that  wavelengths  genera¬ 
ted  by  excimer  lasers  are  readily  absorbed.  Wavelengths  corres¬ 
ponding  to  ArF,  KrCl,  KrF,  XeCl,  and  XeF  transitions  are  shown 
by  arrows  in  the  figure.  Hence,  pulsed  photodissociation  experi¬ 
ments  were  conveniently  performed  by  excimer  laser  photolysis  of 
XNCO/ diluent  gas  mixtures.  In  each  case,  the  halogen  isocyanate 
was  synthesized  on-line  in  our  lab  as  described  in  the  litera¬ 
ture.  2'4'^  Similarly,  the  apparatus  for  pulsed  dissociation, 
time  resolved  monitoring  of  photoproducts  by  emission,  LIF,  or 
other  means,  and  electronics  for  data  handling  and  manipulation 
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ABSORPTION  COEFFICIENT mole’cm1 ) 


q_  c 

has  been  described  in  a  number  of  publications. 

An  extensive  study  was  made  of  C1NC0  photodissociation  at 
249  nm.  In  this  case,  weak  blue  emission  from  the  NCO  A  E  --> 
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X  n  transition  is  observed  upon  photolysis.  The  time  profile  of 
the  emission  (extending  over  several  fis )  indicates  that  this  spe¬ 
cies  is  not  a  direct  photoproduct,  but  rather  is  formed  by  a  sec¬ 
ondary  collision  process.  The  apparent  second  order  rate  con¬ 
stant  for  this  process,  which  appears  to  involve  the  parent 
C1NC0,  was  found  to  be  7.0  -  0.8  X  lO-^1  cm^s-^.  Admission  of 
N2O  to  the  system  quenched  the  NCO  A  -->  X  emission,  and  produced 
instead  the  well  known  NO  p  bands  (B^H  -->  X^IT),  indicative  of 
the  N(^D)  +  NO  reaction.  Hence,  it  was  inferred  that  N(  D)  was 
a  direct  fragment  of  the  photodissociation  of  C1NC0. 

Upon  closer  examination  of  the  system  under  a  broader  range 
of  experimental  conditions,  a  second,  longer  component  to  the 
decay  of  the  blue  NCO  A  -->  X  emission  was  observed.  Admission 
of  NO  to  the  system  under  conditions  where  the  long  decay  was 
observed  produced  the  NO  7  bands  (A^E+  -->  X^n)  rather  than  the  p 
bands  previously  found.  These  results  suggest  the  action  of  a 
second  energy  carrier  capable  of  reaction  with  C1NCO  to  produce 
NCO(A).  The  generation  of  the  NO  7  bands  suggested  that  the 

O  _L 

carrier  might  be  ^(A^E  ),  a  metastable  species  known  to  effici- 

9  +  7 

ently  excite  ground  state  NO  to  its  A  E  state.  To  test  this 
possibility,  C1NC0  was  added  to  a  flow  of  ^(A)  metastables  gen¬ 
erated  in  a  continuous  discharge- flow  reactor.  The  interaction 
of  these  species  did  indeed  produce  NCO  A  -->  X  emission. 

These  results  ( and  a  number  of  others  obtained  during  the 
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course  of  the  experiments)  are  consistent  with  an  overall  mecha¬ 
nism  as  follows: 


C1NC0  +  h v  -->  N(2D)  +  Cl  +  CO  (1) 

N(2D)  +  C1NC0  -->  NCI  +  NCO(A)  (2) 

-->  N2(A)  +  Cl  +  CO  (2'  ) 

N2(A)  +  C1NC0  -->  N2  +  Cl  +  NCO(A)  (3) 


2 

N (  D)  is  an  initial  photofragment.  It  subsequently  reacts  with 
C1NC0  by  either  path  (2)  or  (2'),  with  an  overall  rate  constant  7 

_  1  1  O  _  1 

X  10  cm°s  as  above.  The  N2(A)  metastables  produced  in  (2') 
suffer  collisions  with  C1NC0,  producing  additional  NCO(A)  as  in 
( 5 ) .  From  the  time  decay  of  the  slower  component  of  the  NCO 
emission,  the  rate  constant  for  this  process  was  determined  to  be 
k  =  2.1  -  0.2  X  10-11  s-1. 

These  results  suggest  that  photodissociation  of  singlet 
C1NC0(1A')  prefers  to  populate  the  doublet  manifold  of  fragments, 
in  this  case  N(2D)  +  C1(2P)  +  C0(X^E+).  This  is  in  contrast  to 
the  case  for  the  analogous  halogen  azides,  which  dissociate  to 
singlets  (in  particular  excited  singlet  NX  and  singlet  ground 
state  N2 )  or  triplets  (ground  state  NX  and  excited  triplet 
N2 )  .  Singlet  or  triplet  dissociation  channels  were  not  ob¬ 

served  in  the  C1NC0  experiments.  The  generality  of  this  result 
was  demonstrated  by  subsequent  experiments  with  BrNCO  and  INCO, 
described  below. 

A  similarity  between  the  halogen  azides  and  C1NC0  is  that 
their  decomposition  (i.e.,  of  the  remaining  parent)  subsequent  to 
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photolysis  seems  to  be  carried  by  intermediates  which  are  elec¬ 
tronically  excited  metastable  atoms  or  molecules.  In  the  present 

O 

case,  these  carriers  are  N(  D)  and  ^(A).  This  general  result 
suggests  that  bulk  quantities  of  these  energetic  species  might  be 
stabilized  by  addition  of  species  which  preferentially  quench 
these  excited  intermediates. 

2.  Photochemistry  of  BrNCO  and  INCO 

Photochemical  experiments  with  BrNCO  and  INCO  were  performed 
in  a  manner  identical  to  those  with  C1NC0.  As  shown  by  Figure  1, 
two  absorption  features  can  be  probed  in  each  of  these  molecules 
with  available  excimer  laser  wavelengths,  193  nm  and  308  nm  for 
BrNCO,  and  222  nm  and  351  nm  for  INCO.  A  number  of  general  re¬ 
sults  were  apparent  from  these  experiments. 

Photolysis  of  each  molecule  in  the  second  absorption  feature 
( Amax  =  ^00  nm  for  BrNCO  and  250  nm  for  INCO)  produced  very 
bright  blue  NCO  A  -->  X  emission,  easily  visible  to  the  eye  in 
ambient  lighting.  From  the  spectrum  of  the  emission,  it  was 
apparent  that  the  product  NCO(A)  was  highly  vibrationally  ex¬ 
cited.  The  quantum  yields  for  production  of  NCO(A)  by  photodis¬ 
sociation  of  BrNCO  and  INCO  at  these  wavelengths  were  determined 
by  comparison  with  the  yield  of  NBr(b  -->  X)  photons  produced  by 
photodissociation  of  similar  densities  of  BrNg  at  193  nm,  a  pro¬ 
cess  for  which  the  NBr(b)  yield  had  been  previously  measured. ^ 
These  experiments  indicated  the  NCO(A)  yield  from  BrNCO  photoly¬ 
sis  at  193  nm  to  be  16%,  and  the  yield  from  INCO  photolysis  at 
222  nm  to  be  13%.  Clearly,  production  of  NC0(A,v)  is  an  impor¬ 
tant  dissociation  channel  in  each  case.  No  evidence  for  the 
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production  of  NO  (3  or  7  bands  upon  the  addition  of  NO  to  the 

o 

system  was  found.  Hence  it  appears  that  N(  D)  is  not  generated 
as  it  is  in  the  C1NC0  photodissociation  described  above. 

Photolysis  of  BrNCO  and  INCO  in  their  first  absorption  fea¬ 
ture,  with  lasers  at  308  and  351  nm,  respectively,  produced  only 
very  weak  NCO  A  -->  X  emission.  This  emission  was  found  to  vary 
with  the  square  of  the  incident  laser  fluence  in  each  case,  in¬ 
dicative  of  the  operation  of  2  photon  absorption  procedures.  No 
NO  ^  or  g  emission  was  found  upon  the  addition  of  NO,  indicating 

9 

that  N(  D)  is  not  present  as  a  photofragment  or  intermediate. 
LIF  excitation  spectra  of  the  gas  medium  just  after  photolysis 
proved  a  rich  source  of  information,  however.  The  LIF  spectrum 
for  INCO  is  shown  in  Figure  2.  All  of  the  features  found  are 
attributable  to  transitions  in  NCO,  which  are  labeled  in  the 
Figure.  The  spectrum  indicates  that  the  NCO(X)  is  not  vibra- 
tionally  excited  to  any  great  extent.  Further,  the  intensity  of 
the  LIF  varies  linearly  with  the  incident  excimer  laser  fluence, 
suggesting  that  NCO(X)  is  a  direct  photofragment.  LIF  in  the 
visible  region  produced  no  evidence  of  absorption  by  NBr(X)  or 
NI ( X ) ,  which  should  be  observed  near  674  and  745  nm,  respec¬ 
tively,  indicating  that  dissociation  to  these  species  is  not 
significant . 

From  these  data  and  the  C1NC0  experiments  described  above, 
the  photochemical  processes  in  C1NC0,  BrNCO,  and  INCO  can  be 
summarized  as  follows: 

In  the  first  (longest  wavelength)  absorption  feature: 

cinco  2gg-->  n(2d)  +  ck2p)  +  co(x2e+)  (i) 
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BrNCO  30B  — > 


(4) 


NCO(X2n)  +  Br ( 2P ) 

NCO(X2n)  +  I(2P)  (5) 

In  the  second  absorption  feature: 

Br( 2P )  +  NCO(A2E+,v)  (6) 

I(2P)  +  NC0(A2£+,v)  (7) 

At  still  shorter  wavelengths: 

h  v  o  o  , 

BrNCO  2~x“308-_>  Br(zP)  +  NCO(Az£  ,v)  (8) 

INC0  2'x~357">  K2P)  +  NCO(A2E+,v)  (9) 

In  all  of  the  photochemical  processes  observed  the  channel  lead¬ 
ing  to  the  doublet  fragments  appears  to  be  the  major  path.  In 
none  of  the  XNCO  systems  was  any  evidence  of  dissociation  to 
triplet  or  singlet  fragments  found.  This  behavior  is  very  dif- 

o  _  i  n 

ferent  from  that  in  the  analogous  halogen  azides  (XN^),  and 

likely  reflects  the  much  greater  strength  of  the  N-C  bond  in  the 
halogen  isocyanates. 

From  the  nature  of  excited  photofragments  produced  by  one- 
photon  absorptions  in  these  molecules,  lower  limits  for  the  heats 
of  formation  of  the  parent  species  can  be  calculated.  These  are 
as  follows: 


hv 

BrNCO  jg3  — > 


hi/ 

INC0  222-“> 


NCO 


hi/ 

351 


--> 
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AHf  ( C1NC0 )  -  52  kcal/mole 
AHf  (BrNCO)  -  1.7  kcal/mole 
AHf  (INCO)  -  10.9  kcal/mole 

Though  lower  limits,  these  values  are  all  much  greater  than  AHf 
for  HNCO ,  reported  to  be  -24.9  kcal/mole.11  Clearly,  these  mole¬ 
cules  are  significantly  destabilized  by  the  presence  of  the  halo¬ 
gen  atom,  likely  via  repulsive  interaction  of  the  filled  p  atomic 
orbital  of  the  halogens  with  the  electrons  of  the  delocalized 
cloud  of  the  NCO  chain. 

3.  Photodissociation  of  NC0(X2ri)  Radicals 

The  NCO  radical  is  thought  to  be  an  important  intermediate 

in  the  combustion  of  nitrogenous  fuels,  and  in  the  generation  of 

NOx  when  hydrocarbon  fuels  are  burned  in  air.12-14  Direct  LIF 

observation  of  NCO  in  the  CH4/N20/N2  flame  has  been  report- 
12  13 

ed.  '  In  addition,  NCO  has  proven  to  be  an  important  fragment 
in  the  dissociation  of  HNCO  and  other  isocyanates  (as  above).  In 
spite  of  the  clear  significance  of  this  species,  only  its  three 
lowest  lying  excited  electronic  states  have  been  characterized, 
and  little  is  known  about  the  excited  dissociative  states  which 
may  be  involved  in  reactions  or  photochemistry. 

To  address  this  issue,  we  performed  a  series  of  experiments 
in  which  gas  phase  NCO  radicals  were  photodissociated  by  light 
from  an  ArF  excimer  laser.  LIF  methods  were  used  to  monitor  both 
the  loss  of  the  NCO  and  the  state  distribution  of  the  photofrag¬ 
ments.  This  work  was  based  on  a  1967  paper  by  Milligan  and 

I  c: 

Jocex,  in  which  NCO  isolated  in  a  low  temperature  matrix  was 
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photolyzed  at  253  nm,  in  the  predissociative  region  of  the 
X  n  -->  B^n  transition.  Loss  of  the  NCO  from  the  matrix  was 
observed,  implying  dissociation. 

In  our  experiments,  gaseous  NCO  was  produced  in  a  continuous 
discharge-flow  reactor  by  the  reaction  of  HNCO  with  fluorine 
atoms.  The  density  of  NCO  in  the  flow  was  monitored  by  LIF  on 
the  X2n  -~>  A2E+  transition1®  near  438  nm.  In  the  absence  of 
known  absorption  spectra,  photolysis  with  several  excimer  laser 
wavelengths  was  tried,  with  loss  of  the  NCO  by  photodissociation 
monitored  by  diminution  of  the  LIF  signals.  This  diminution  was 
observed  only  for  photolysis  at  193  nm,  where  a  reduction  of 
NCO(X)  by  nearly  5%  was  observed  for  an  incident  fluence  near  20 

9 

mj/cm  ,  corresponding  to  an  absorption  cross  section  of  approxi¬ 
mately  5  X  10-2®  cm2  at  this  wavelength. 

Assuming  that  photolysis  of  NC0(X  II)  at  193  nm  produces  a 
doublet  excited  state,  two  spin  allowed  dissociation  processes 
are  possible: 


NCO  (doublet) 


N( doublets)  +  C0( X1E+ ) 


0(3P) 


+  CN( doublets) 


(10a) 


(10b) 


In  our  experiments,  only  evidence  of  the  operation  of  channel 
(10b)  was  found,  this  by  LIF  on  the  X2E+  -->  B2E+  transition  in 
the  product  CN.  This  transition  was  probed  by  a  tunable  dye 
laser  operated  near  387  nm  which  was  delayed  by  a  variable  time 
from  the  photolysis  laser  pulse.  Figure  3a  shows  an  LIF  excita¬ 
tion  spectrum  for  a  photolysis  to  probe  delay  of  0.5  fis .  Figure 
3b  is  a  simulated  CN  spectrum  for  a  fitted  rotational  population 
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Figure  3.  A).  Experimental  LIF  excitation  spectrum  of  CN  pro¬ 

duced  by  the  photodissociation  of  NCO  (X^n)  at  193  nm 
B) .  Calculated  spectrum  based  on  known  molecular  con 
stants,  and  vibrational/rotational  population  distri¬ 
butions  to  give  the  best  fit  to  the  experimental  data 


o  + 

distribution  in  the  X  E  state  (see  below).  Clearly,  the  agree¬ 
ment  is  good.  For  longer  delay  times,  the  CN  spectra  were  well 
fitted  by  allowing  for  relaxation  of  the  initial  CN  rotational 
distribution.  The  CN  vibrational  distribution  was  obtained  by 
recording  spectra  for  a  delay  of  66  n s,  when  the  rotational  popu¬ 
lations  were  clearly  thermalized,  but  the  vibrational  populations 
should  be  near  nascent. 

Figure  4  shows  the  fitted  internal  energy  distribution  in 

the  CN  product  for  short  delays  corresponding  to  the  LIF  spectra 

of  Figure  3.  A  bimodal  distribution  is  clearly  evident.  This 

distribution  can  be  well  understood  in  terms  of  angular  momentum 

conservation  in  the  dissociation  of  two  excited  states,  one  bent 

state  (which  gives  rise  to  the  high  N  portion  of  the 

distribution)  and  one  linear  state  (which  gives  rise  to  the  low  N 

portion).  Details  of  this  discussion  are  presented  in  a  paper 

published  from  this  work.'  Additional  evidence  for  the 

existence  of  the  linear  state  was  obtained  from  the  spectrum  of 

prompt  emission  produced  by  the  193  nm  photolysis.  This  spectrum 

is  shown  in  Figure  5.  The  bands  observed  clearly  terminate  on 

.  .  7  + 

vibrational  levels  of  the  A  E  state,  and  the  energy  of  the 
shortest  wavelength  band  (near  345  nm)  corresponds  very  precisely 
to  the  energy  difference  between  a  193  nm  photon  and  the 
A(0,0°,0)  -->  X(0,0^,0)  transition,  suggesting  emission  from  an 
excited  state  pumped  at  193  nm  to  the  A  state.  Further,  the 
observed  bands  terminate  only  on  stretching  modes  of  the  A  state 
(which  is  linear),  suggesting  that  the  upper  state  is  also  linear 
(by  Franck-Condon  considerations). 
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Figure  4.  Bi-modal  rotational  population  distributions  corresponding  to  the  spectra  in 
Figure  3B.  (a)  ,  (  +  )  ,  (<»  ,  (A)  correspond  to  rotational  distributions  for 

CN(X),  v=0,  v=l,  v=2,  and  v=3,  respectively. 


0)  (o 


Figure  5.  Spectrum  of  prompt  emission  produced  by  the  photolysis  of  NCO(X2II)  at  193  nm. 

Transitions  are  labeled  according  to  the  vibrational  states  of  NCO(A)  on  which 
they  terminate.  (*)  Indicates  second  order  diffraction  of  the  laser  light. 


Apart  from  demonstrating  the  photodissociation  of  NCO  at  193 
nm  and  indicating  the  existence  of  a  new  bound  excited  state  of 
this  radical,  these  data  also  serve  to  give  an  upper  limit  on  the 
heat  of  formation  of  NCO(X),  a  value  about  which  there  has  been 
considerable  debate.14  From  the  energy  of  the  193  nm  photon  and 
the  maximum  internal  energy  of  the  CN  fragment  obtained  from  the 
spectral  simulation,  a  limit  AHf  (NCO)  -  37  kcal/mole  is  deter¬ 
mined.  This  result  is  in  very  good  agreement  with  that  published 
by  Okabe,1®,  AHf(NCO)  =  36.9  -  3.5  kcal/mole,  but  does  not  agree 
well  with  that  reported  by  Sullivan  et .  al . , 14,  AHj(NCO)  >  48 
kcal/mole ) . 

4.  Dynamics  of  the  0(1D)  +  HNCO  Reaction. 


As  a  part  of  a  related  program  performed  in  our  laboratory, 
we  have  recently  studied17  the  O^D)  +  HN3  reaction  with  the  goal 
of  possible  improvement  of  the  rates  in  this  system,  as  well  as 
the  yield  of  NO(A2E+).  The  NO  A  -->  X  transition  has  been  shown 
to  be  capable  of  supporting  lasing  in  the  UV  region.2®.  The 
0(1D)  +  HN3  reaction  was  found  to  proceed  in  a  well -understood 
manner,  the  0(1D)  behaving  much  like  NH(a1A)  in  its  reaction  with 
HN3,  and  the  desired  enhancement  in  the  rates  was  observed.  The 
analogous  0(1D)  +  HNCO  reaction  is  a  much  more  interesting  case 
from  the  perspective  of  molecular  dynamics,  since  the  electro¬ 
philic  0(4D)  can  attack  HNCO  at  each  of  its  four  atoms: 


0( 1D )  +  HNCO( XA ' ) 


■OH  +  NCO 
->■  HNO  +  CO 


NH  +  C0- 


HNC  +  0' 


(ID 

(12) 

(13) 

(14) 
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To  test  these  possibilities,  numerous  experiments  were  performed 
in  our  laboratory  in  which  the  0(1D)  +  HNCO  reaction  was  initi¬ 
ated  by  pulsed  photolysis  of  premixed,  flowing  streams  of  Og  and 
HNCO  with  a  KrF  excimer  laser  at  249  nm.  The  products  of  the 
reaction  were  probed  by  emission  and  LIF  methods. 

No  evidence  was  found  for  the  occurrence  of  any  reactions 
other  than  processes  (11)  and  (13)  above,  with  (13)  being  clearly 
dominant.  The  only  chemiluminescence  produced  by  the  reaction  is 
NH  A  n  -->  X  E  emission  near  336  nm.  From  the  time  decay  of 
this  emission,  the  overall  rate  constant  for  the  reaction  was 
determined  to  be  3.3  -  0.3  X  10-^  cm'^s"'*',  nearly  the  gas  kinetic 
value.  NH(X3E“),  NH(a1A),  NH  (b*£+),  and  NC0(X2n)  were  monitored 
by  LIF  methods.  LIF  excitation  spectra  were  recorded  for 
NHfa^),  NH(X3E~),  and  NC0(X2n),  but  no  evidence  of  NH(b1E+)  was 
found. 

Figure  6  shows  time  profiles  of  the  LIF  signals  from  NH ( a ) , 
NH( X )  and  NCO(X).  The  NH(a)  profile  shows  a  risetime  which  agrees 
with  the  rate  of  the  0(1D)  +  HNCO  reaction,  and  a  decay  which 
matches  the  rate  of  the  subsequent  NH(a)  +  HNCO  reaction.  Hence 
this  profile  suggests  that  NH(a)  is  a  direct  product  of  the  reac¬ 
tion.  In  contrast,  the  time  profiles  of  NH(X)  and  NCO(X)  show  a 
much  slower  rise  to  a  plateau,  consistent  with  formation  by  sec¬ 
ondary  reactions.  The  dotted  and  broken  curves  shown  in  these 
figures  are  calculated  time  profiles  corresponding  to  direct  pro¬ 
duction  of  these  species  by  the  0(^D)  +  HNCO  reaction  or  produc¬ 
tion  by  secondary  reactions,  respectively.  The  data  contain  in¬ 
formation  about  the  relative  importance  of  these  two  routes, 
which  may  be  quantified  if  the  absolute  yield  of  NHfa^A)  is 
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known.  Details  of  this  treatment  are  presented  in  a  manuscript 
submitted  for  publication  in  the  Journal  of  Physical  Chemistry. 
The  absolute  yield  of  NH( a )  was  determined  by  comparison  of  the 
LIF  intensity  observed  for  this  species  with  that  for  NH( a )  pro- 
duced  by  photodissociation  of  HNg  at  193  nm.  These  experiments 
indicated  that  the  0(^D)  +  HNCO  branching  fraction  to  NH( a^A, v=0 ) 
is  44  -  15%.  This  result,  in  combination  with  the  temporal  data 
in  Figure  6,  indicates  that  the  maximum  branching  fractions  to 
NH( X )  and  NCO(X)  in  this  reaction  are  16%  and  20%,  respectively. 
From  additional  absolute  yield  measurements,  the  branching  frac¬ 
tion  to  NH(A^n)  was  found  to  be  <  0.02%. 

Clearly,  the  OC^D)  +  HNCO  reaction  has  a  strong  propensity 
for  production  of  NH(  a^A ) .  This  can  be  understood  in  part  by 
conservation  of  spin  angular  momentum,  in  which  the  singlet  po¬ 
tential  energy  surface  corresponding  to  0(1D)  +  HNC0(1A')  corre¬ 
lates  adiabatically  to  NH(a^A)  +  C0(X^E+).  The  reactants  also 
correlate  to  NH(b1E+)  +  COCX1!-4"),  however,  and  no  NH(  b )  was  found 
in  the  experiments.  Hence,  orbital  symmetry  correlations  must 
also  play  a  role.  In  any  event,  this  reaction  is  a  very  rapid, 
very  efficient  source  of  NHCa^A)  metastables,  produced  in  com¬ 
bination  with  OgCa^A)  metastables  which  are  a  co-product  of  the 
Og  photodissociation.  Given  the  speed  of  the  reaction,  which  is 

9O  1 

much  faster  than  the  known  rates  of  NH(a  A)  quenching  by  resid¬ 
ual  HNCO,  this  system  may  provide  a  scalable,  quite  useful  source 
of  metastable  energy  carriers  for  chemical  laser  applications. 
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III.  HALOGEN  AMINE  CHEMISTRY 


1.  Synthesis  of  Fluorochloroamines 

As  will  be  discussed  below,  fully  halogenated  amines  are 
very  interesting  energetic  molecules,  which  can  act  as  sources  of 
electroncially  excited  singlet  halogen  nitrenes  (NX)  by  either 
reactions  or  photochemistry.  In  order  to  pursue  our  interest  in 
these  compounds,  procedures  for  their  synthesis  and  purification 
were  modified  and  optimized  in  order  to  yield  useful  amounts  of 
relatively  pure  samples.  The  particular  species  studied  to  date 
are  NC13,  NFC12,  and  NF2C1 . 

The  synthesis  developed  for  NFC12  and  NF2C1  is  a  modifica- 

04 

tion  of  that  originally  reported  by  Pankratov  and  Sokolov,  and 
involves  the  fluorination  of  NH4CI  with  elemental  F2  in  a  flow 
reactor.  In  our  study,  it  was  found  that  the  addition  of  NaCl  to 
the  NH4CI  significantly  increased  the  yields  of  the  desired  fluo- 
rochloramines .  Careful  drying  of  the  reaction  system  is  impor¬ 
tant  to  avoid  the  formation  of  FCIO3  and  F0N02 .  Although  the 
yields  of  NFC12  and  NF2C1  are  relatively  low,  and  separation  of 
the  main  by-product  Cl2  requires  careful  fractionation,  the 
method  is  a  relatively  convenient  and  safe  way  to  produce  moder¬ 
ate  amounts  of  NFC12  and  NF2CI  .  It  avoids  the  hazards  associated 
with  the  formation  of  chlorine  azide  as  a  potential  by-product  in 
the  chlorof luorination  of  NaN^. 

Our  synthesis  for  NCI3  mirrors  that  used  by  a  number  of 
previous  researchers,^  the  major  improvements  being  largely  a 
matter  of  technique. 
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Photochemistry  of  NFCI2  and  NF2CI  in  Low-Temperature  Argon 
Matrices 

Only  a  few  brief  reports  have  appeared  in  the  literature 
concerning  the  photolysis  of  the  f luorochloroamines  (NFCI2  and 
NF2CI ) . These  experiments,  done  largely  in  the  1960's, 
involved  the  gas-phase  amines  and  used  broad-band  photolysis 
sources.  The  data  strongly  suggested  that  various  NX2,  NXY,  and 
NX  compounds  (X,Y  =  halogens)  could  be  photolytically  produced 
from  the  f luorochloroamines,  although  no  direct  evidence  of  these 
intermediates  was  obtained.  In  order  to  study  the  photochemical 
processes  in  detail,  we  have  isolated  and  photolyzed  the  f luoro¬ 
chloroamines  in  low- temperature  argon  matrices,  and  identified 
the  photoproducts  via  IR  spectra  of  the  matrices.  The  photolysis 
energies  were  chosen  on  the  bais  of  the  UV  absorption  spectra  of 
the  gas  phase  amines  obtained  in  our  laboratory.  Each  spectrum 
consists  of  a  single  broad  structureless  feature  at  270  nm  for 
NFCI2  and  at  230  nm  for  NF2CI. 

Infrared  spectra  were  used  to  monitor  the  results  of  the 
photolysis  experiments.  Broadband  photolysis  of  the  NFCl/Ar 
matrix  produced  a  sharp  peak  at  1113  cm-^,  two  weaker  features  at 
742  and  870  cm"^,  and  the  intensity  of  the  NFCI2  peaks  decreased 
during  the  photolysis.  In  addition,  a  peak  appeared  at  821  cm-^, 
on  the  shoulder  of  i/g  (the  NF  stretch  of  NFC^).  Photolysis  of 
the  NFCl2/Ar  matrix  at  270,  250  and  300  nm  produced  an  infrared 
absorption  at  1113  cm"^,  the  accompanying  decrease  of  the  NFCI2 
infrared  absorption  peaks,  and  absorbences  at  742  and  870  cm"^. 
The  1113  cm"-'-  peak  was  assigned  to  NF  and  is  consistent  with  the 
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assignment  made  by  Milligan  and  Jacox  in  which  NF  was  produced 
from  the  photolysis  of  FN3  in  a  low  temperature  matrix.  The 
absorbences  at  742  and  880  cm”'*’  have  not  been  identified,  but  are 
not  due  to  cis-N2F2*  (This  compound  has  three  absorption  peaks 
at  737,  896  and  952  cm-1.7)  A  peak  at  824  cm-1  was  assigned  to 
NCI  in  the  NCl^/Ar  matrix  photolysis  experiments  and  the  821  cm-'* 
absorbance  could  be  due  to  NCI  in  these  experiments. 

In  the  single  wavelength  experiments,  the  rate  of  increase 
of  the  NF  integrated  intensity  was  substantially  larger  at  270 
nm,  the  maximum  in  the  UV  absorption,  than  at  250  nm  or  300  nm. 
Photolysis  of  the  NFC^/Ar  matrix  at  210  nm  and  at  330  nm  pro¬ 
duced  no  change  in  the  IR  spectrum. 

From  the  production  of  NF  observed  in  the  single  wavelength 
photolysis  experiments  of  NFCI2,  it  is  apparent  that  the  270  nm 
absorption  feature  in  the  UV  spectrum  does  indeed  lead  to  an 
unbound  state  of  the  molecule.  Since  no  changes  were  observed 
after  photolysis  at  330  nm,  then  any  Cl  atoms  produced  (due  to 
the  presence  of  CI2,  a  byproduct  of  the  synthesis)  did  not  inter¬ 
act  with  the  NFCI2. 

The  products  generated  by  photolysis  of  the  matrix  are 
"locked"  in  matrix  cages.  Cl  atoms  are  apparently  too  large  to 
escape,  and  hence  the  possible  mechanisms  by  which  NF  can  be 
formed  in  these  experiments  are  limited.  The  following  three 
mechanisms  are  proposed. 

mechanism  1:  NFCI2  +  hv  -->  NFC1  +  Cl  (15a) 

NFC1  +  Cl  — >  NF+  Cl2  (15b) 
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mechanism 

2: 

NFC12  +  hu 

— >  NFC1  +  Cl 

(16A) 

NFC1  +  hi/  - 

->  NF  +  Cl 

(16b) 

mechanism 

3: 

NFC12  +  hi/ 

— >  NF  +  Cl2 

(17) 

Based  on  the  results  obtained  to  date,  mechanism  1  appears 
to  be  the  most  unlikely  of  the  three.  It  would  require  motion  in 
the  cage  in  order  for  the  first  Cl  to  align  itself  so  as  to  react 
with  the  NFC1  fragment  to  produce  CI2  +  NF.  Motion  within  the 
cage  is  very  restricted.  Mechanism  2  requires  that  both  NFC12 
and  NFC1  absorb  at  the  same  wavelength,  and  that  as  soon  as  the 
NFC1  is  formed  it  is  photolyzed  efficiently  at  this  wavelength 
(no  evidence  of  the  production  of  NFC1  is  observed  in  the  IR 
spectrum).  NFC1  has  never  been  isolated  and  studied  so  its  spec¬ 
troscopy  is  completely  unknown.  Mechanism  3,  a  concerted  process 
in  which  one  photon  is  absorbed  and  both  N-Cl  bonds  are  broken 
simultaneously  leaving  NF,  appears  to  be  the  most  reasonable 
choice  at  this  point.  Whatever  the  mechanism,  however,  it  is 
clear  that  NF  is  produced  from  the  photolysis  of  NFC12  and  that 
the  absorption  at  270  nm  in  the  NFC12  UV  spectrum  leads  to  its 
formation. 

Photolysis  of  the  NF2C1/Ar  matrix  did  not  produce  any 
changes  in  the  IR  spectrum,  but  this  does  not  necessarily  mean 
that  no  photolysis  was  taking  place.  On  the  contrary,  the  fact 
that  a  structureless  peak  is  observed  at  230  nm  in  the  UV  spec¬ 
trum  does  indeed  imply  dissociation.  After  careful  consideration 
of  our  data  and  of  the  early  NF2C1  studies  mentioned  above,  we 
believe  that  the  process  taking  place  in  the  matrix  is  cleavage 
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of  the  N-Cl  bond  leaving  NF2  and  Cl  in  the  matrix  cage  which 
recombine  to  form  the  parent  amine. 

3.  Production  of  Excited  Singlet  NCI  by  the  Reaction  of  NClg 
with  Hydrogen  Atoms 

The  production  of  excited  singlet  NF  by  the  reaction  of 
hydrogen  atoms  with  NF2  has  been  studied  in  many  previous  experi¬ 
ments. ^  Such  processes  are  of  interest  because  of  the  very 
strong  dynamic  constraints  on  the  distribution  of  product  states, 
and  because  NFfa^A)  has  potential  utility  as  an  energy  carrier  in 
high  energy  laser  systems.  The  branching  fraction  to  NF(a)  in 

O  “! 

the  H  +  NF2  reaction  has  been  determined  to  be  0.91.  The  prod¬ 
uct  state  selectivity  in  this  case  is  thought  to  arise  from  an 
addition-elimination  mechanism  involving  attack  by  the  hydrogen 
atom  on  the  nitrogen  atom  of  NF2  to  produce  an  excited  singlet 
difluoramine  intermediate,  which  eliminates  singlet  HF  to  leave 

OO 

excited  singlet  NF.  This  process  has  been  used0  to  generate 
NF(a)  densities  in  excess  of  10^  cra’^.  In  principle,  similar 
reactions  of  H  atoms  with  other  NX2  or  NXY  radicals  (X,Y  =  halo¬ 
gen)  might  also  produce  high  yields  of  excited  singlet  NX  spe¬ 
cies.  Such  reactions  have  not  been  explored,  however,  in  large 
measure  because  chlorinated  or  brominated  analogues  of  N2F4  (the 
normal  precursor  of  NF2 )  are  unknown. 

Like  N2F4,  fully  halogenated  amines  NX3  or  NX2Y  can  be  used 
as  precursors  of  NX2  or  NXY  radicals,  and  hence  of  excited  ni- 
trenes  by  reactions  with  H  atoms.  In  this  project,  these  ideas 
were  tested  by  observing  the  reaction  of  NCI3  with  excess  H  atoms 
in  a  continuous  discharge-flow  reactor.  Excited  NCI  can  be  pro- 
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duced  in  this  system  by  a  two  step  mechanism  as  follows 

H  +  NC13  -->  HC1  +  NC12  (18) 

H  +  NC12  — >  HC1  +  NCI*  (19) 

To  the  extent  that  reaction  ( 19 )  proceeds  via  the  addition-elimi¬ 
nation  mechanism,  excited  singlet  NCI  should  be  produced. 

Hydrogen  atoms  were  produced  by  reaction  of  a  titrated  flow 
of  F  atoms  with  H2.  NCI3  heavily  diluted  in  Ar  was  admitted 
upstream  via  a  movable  injector.  The  subsequent  reaction 
produced  a  bright  red  flame  clearly  visible  to  the  eye.  Figure 
7a  shows  a  spectrum  of  the  visible  emission,  which  is  identified 
as  the  NCI  b^E+  transition.  Figure  7b  shows  the  spectrum  of  the 
chemiluminescence  in  the  near  IR,  indicating  the  a1A  -->  X3E“ 
transition  in  NCI.  Under  carefully  controlled  conditions,  it  can 

OO 

be  shown'-’0  that  the  time  dependence  of  the  NCI  b  -->  X  emission 
will  track  the  density  of  the  intermediate  NC12,  and  should 
exhibit  an  exponential  rise  and  decay  controlled  by  the  rates  of 
processes  (18  and  (19).  This  was  found  to  be  the  case,  and  the 
rate  constants  determined  were  9  -  4  X  10”11  cm3s_1  and  4.0  -  0.4 

_  10  r>  _  I 

X  10  cm°s  .  A  priori,  we  cannot  know  which  rate  constant 
applies  to  which  reaction.  Since  the  rate  constant  for  H  +  NF2 
is  much  larger  than  that  for  H  +  NF3,33  and  it  seems  reasonable 
that  a  similar  relationship  should  hold  for  the  NCI3  system,  our 
best  guess  is  that  k  =  4.0  -  0.4  X  10"13  cm3s-x  applies  to 
reaction  (18). 


25 


INTENSITY  (ARS.  UNITS) 


Photon  yields  for  the  NCI  b  -->  X  and  a  -->  X  chemilumines¬ 
cence  were  measured  by  calibration  of  the  detection  apparatus 
with  the  well  known  0  +  NO  — >  NO2  +  hi/  reaction.  The  yields 
were  determined  as  the  ratios  of  the  rate  of  flow  of  NCl(b)  or 
NCl(a)  photons  from  the  system  vs.  the  flow  of  NCI3  into  the 
reactor.  The  NCl(a)  photon  flow  was  corrected  for  the  fraction 
of  the  excited  molecules  that  actually  radiate  (relative  to 
quenching  in  collisions  with  other  species  or  with  the  reactor 
walls),  determined  from  the  observed  time  decay  of  the  emission 
and  the  radiative  rate  of  the  transition. ^  The  measurements  of 
the  yields  were  such  that  the  results  must  be  taken  to  reflect 
only  lower  limits  on  the  actual  branching  fractions  for  reaction 
(19).  From  the  data,  the  branching  fraction  to  NCI  (a-^A)  has  a 
lower  limit  of  15%.  The  branching  fraction  to  NCI  (b)  is  very 
small,  with  a  lower  limit  of  0.015%,  approximately  three  orders 
of  magnitude  smaller  than  the  NCI  a  -->  X  yield. 

From  these  experiments,  it  is  clear  that  reactions  of  halo¬ 
gen  amines  with  H  atoms  can  be  useful  sources  of  excited  metasta¬ 
ble  halogen  nitrenes.  NCI3  is  itself  an  unstable  and  shock  sen¬ 
sitive  species  (in  its  condensed  state).  It  would  seem  the  NFC12 
and  NF2C1,  much  more  stable  molecules,  are  superior  candidates 
for  real  applications.  We  are  currently  studying  H  atom  reac¬ 
tions  with  these  species. 
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IV.  COLLISIONAL  DISSOCIATION  OF  HALOGEN  AZIDES 


Benard  and  co-workers^'^  have  shown  that  the  halogen 

azides  FN3  and  CIN3  can  be  thermally  dissociated  to  give  high 
1  1 

yields  of  NF(a  A)  and  NCl(a  A)  fragments,  respectively.  These 
weakly  bound  molecules  exist  in  shallow  wells  on  the  ground  state 
1A'  potential  energy  surface.  Excitation  sufficient  to  overcome 
the  barriers  that  bind  these  molecules  leads  to  dissociation  to 
adiabatically  correlated  singlet  fragments  (e.g.,  NF  a^A  + 
N2  X^Eg),  with  the  release  of  substantial  amounts  of  energy. 
These  processes  have  been  shown  to  be  an  effective  source  of  high 
densities  of  the  excited  nitrenes,  and  are  applicable  to  the 
development  of  high  energy  laser  technology.  They  are  also  par¬ 
ticularly  interesting  with  respect  to  the  fundamental  dynamics  of 
dissociation  processes,  however.  As  very  weakly  bound  (~10 
kcal/mole)  molecules  with  potential  energy  wells  that  are  likely 
to  be  very  anharmonic,  these  species  present  a  very  interesting 
test  of  statistical  theories  of  unimolecular  decomposition,  and 
interesting  possibilities  for  mode  specific  excitation  and  dis¬ 
sociation. 

A  particular  case  in  point  is  energy  transfer  between  vibra- 
tionally  excited  HF  and  halogen  azide  molecules.  The  frequencies 
of  the  symmetric  and  asymmetric  stretches  along  the  N3  chain  are 
near  2000  cm-1  and  1000  cm"'*’,  respectively,  for  most  RN3  spe¬ 
cies.  ^  Since  the  HF  frequency  is  near  4000  cm-1,  good  possibil¬ 
ity  exists  for  fast  resonant  energy  exchange.  Because  the  pro¬ 
jections  of  these  vibrations  on  the  RN-N2  dissociation  coordinate 
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are  very  large,  excitation  of  these  vibrations  at  energies  above 
the  barrier  could  lead  to  rapid  dissociation  before  randomization 
of  the  energy  among  other  degrees  of  freedom  of  the  molecule. 

We  have  performed  initial  tests  of  these  ideas  by  observing 
HF ( v )  -  RNg  (R  =  H,  Cl,  Br)  energy  transfer  processes  using  both 
pulsed  and  continuous  methods.  The  first  experiments  involved 
chemical  generation  of  vibrationally  excited  HF  in  a  flow  reactor 
by  the  F  +  H2  reaction,  followed  by  admission  of  CIN3  or  BrNg 
downstream.  In  both  cases,  visible  chemiluminescence  from 
NCl(b^E+)  or  NBr(b^E+)  respectively,  was  produced,  indicating 
dissociation  of  the  parent  halogen  azide.  The  conditions  of  the 
experiments  (<  1  Torr  total  pressure,  with  reagent  densities  on 
the  order  of  tens  of  mTorr)  were  such  that  any  temperature  rise 
in  the  system  could  not  possibly  be  such  as  to  cause  the  dissoci¬ 
ation.  To  test  the  role  of  HF(v)  in  the  systems,  C02  was  added 
to  selectively  quench  this  species.  C02  is  an  efficient  quencher 
of  HF ( v ) ,  but  an  inefficient  quencher  of  NCl(b).^  Admission  of 
C02  quenched  the  NCl(b)  emission  from  CIN3  and  the  NBr(b)  emis¬ 
sion  from  BrN2,  suggesting  that  dissociation  of  the  parent  mole¬ 
cules  is  indeed  caused  by  energy  transfer  from  HF(v). 

Following  these  initial  qualitative  experiments,  an  appara¬ 
tus  for  pulsed  energy  transfer  experiments  was  assembled  in  order 
to  gather  more  quantitative  data.  These  tests  involved  pulsed 
photolysis  of  HF/XNg/diluent  mixtures  with  an  IR  laser  operating 
on  HF  vibrational  transitions.  Overall  energy  transfer  rates 
were  determined  by  the  quenching  of  infrared  LIF  from  the  HF  as  a 
function  of  the  azide  concentration.  For  HF(v=l)  quenching  by 
HN3  and  CIN3,  these  experiments  yielded  k  =  3  X  10  cm'-’s  ■L  and 


29 


_  i  o  q  i 

k  =  3  X  10  cm  s  respectively.  These  values  are  reasonable 
for  fast  V-V  energy  transfer  processes.  A  second  part  of  the 
experiments  involved  looking  for  infrared  and  visible  chemilumes- 
cence  from  the  azides  or  their  nitrene  fragments.  Work  on  this 
aspect  of  the  project  is  still  ongoing.  Preliminary  results, 
however,  had  added  support  to  the  proposed  V-V  mechanism, .  In 
particular,  IR  emission  near  5.0  fim  (in  the  region  of  the 
asymmetric  stretch)  has  been  observed  from  HN^  subsequent  to 
photolysis  of  the  HF/HN^  mixture  with  the  HF  laser.  This  is 
reasonable  in  this  case,  since  the  energy  transferred  is  insuf¬ 
ficient  to  dissociate  the  molecule.  NCI  emission  has  not  yet 
been  observed  in  preliminary  experiments  with  the  HF/CIN3  system. 

We  intend  to  proceed  with  these  experiments  under  the  aus¬ 
pices  of  our  continuing  AFOSR  grant.  Eventually,  this  project 
will  evolve  into  experiments  in  which  metastable  XN3  species  are 
dissociated  by  collisions  at  carefully  defined  energies  in  a 
molecular  beam  apparatus. 


30 


*  *• 


V.  PUBLICATIONS  ARISING  FROM  THIS  PROGRAM 

1.  J.V.  Gilbert  and  R.D.  Coombe,  "Photochemistry  of  C1CN0, "  J. 
Chem.  Phys.,  89,  4082  (1988). 

2.  X.  Liu,  J.V.  Gilbert,  and  R.D.  Coombe,  "Photochemistry  of 
BrNCO  and  INCO, "  J.  Chem.  Phys.,  90,  171  (1989). 

3.  X.  Liu  and  R.D.  Coombe,  Photodissociation  of  NC0(X2n) 
Radicals,"  J.  Chem  Phys.,  91,  7543  (1989). 

4.  J.V.  Gilbert,  R.A.  Conklin,  R.D.  Wilson,  and  K.O.  Christi, 
"Syntheses  and  Vibrational  Spectra  of  Chlorof luoramines, "  J. 
Fluorine  Chemistry,  48,  361  (1990). 

5.  R.A.  Conklin  and  J.V.  Gilbert,  "Photochemistry  of 
Fluorochloroamines  in  Low  Temperature  Argon  Matrices, "  J. 
Phys.  Chem.,  94,  3027  (1990). 

6.  X.  Liu,  N.P.  Machara,  and  R.D.  Coombe,  "Dynamics  of  the 
O^D)  +  HNCO  Reaction,"  submitted  to  J.  Phys.  Chem.,  1990. 

7.  D.B.  Exton,  J.V.  Gilbert,  and  R.D.  Coombe,  "Generation  of 
Excited  NCI  by  the  Reaction  of  Hydrogen  Atoms  with  NClg," 
submitted  to  J.  Phys.  Chem.,  1990. 


31 


PERSONNEL 


Principal  Investigator:  Robert  D. 

Co-Principal  Investigator:  Julanna  V 

Senior  Research  Personnel:  Nicholas 

(Post-doctoral  research 
associate ) 

“fc 

Graduate  Research  Assistants:  Xu  Liu 

Deborah  B 
Robert  a. 


Ph.D. 

** 

M.S. 


awarded,  August  1989 
awarded,  August  1989 


Coombe 

.  Gilbert 

P.  Machara 

.  Exton 

ic  'k 

Conklin 


VII.  REFERENCES 


k>  -« 


1.  "Physical  Chemistry  of  Energetic  Nitrides,"  Grant  No.  AFOSR- 
84-0031,  R.D.  Coombe,  principal  investigator. 

2.  D.C.  Frost,  C.B.  MacDonald,  C.A.  McDowell,  and  N.P.C. 

Westwood,  Chem.  Phys.,  47,  111  (1980). 

3.  D.D.  Bell  and  R.D.  Coombe,  J.  Chem.  Phys.,  82,  1317  (1985). 

4.  X.  Liu,  J.V.  Gilbert  and  R.D.  Coombe,  J.  Chem.  Phys.,  90, 

171  (1989). 

5.  J.V.  Gilbert  and  R.D.  Coombe,  J.  Chem.  Phys.,  8j),  4082 

(1988). 

6.  K.H.  Welge,  J.  Chem.  Phys.,  45,  166  (1966);  L.C.  Lee  and  M. 

Suto,  J.  Chem.  Phys.,  80,  4718  (1984). 

7.  W.G.  Clark  and  D.W.  Setser,  J.  Phys.  Chem.  84,  2225  (1980). 

8.  R.D.  Coombe,  D.  Patel,  A. T.  Pritt,  Jr.,  and  F.J.  Wodarczyk, 
J.  Chem.  Phys.,  75,  2177  (1981). 

9.  M. A.  MacDonald,  S.J.  David,  and  R.D.  Coombe,  J.  Chem.  Phys., 
84,  5513  (1986). 

10.  D.  Patel,  A.T.  Pritt,  Jr.,  and  D.J.  Benard,  J.  Chem.  Phys., 
90,  1931  (1986). 


33 


«*■  * 


11.  T .  A .  Spiglanin,  R.A.  Perry,  and  D.W.  Chandler,  J.  Phys . 
Chem.,  90  6184  (1986). 

12.  K.N.  Wong,  W.R.  Andersen,  A.J.  Kotar,  and  J.A.  Vanderhoff, 
J.  Chem.  Phys.,  81,  2970  (1984). 

13.  W.R.  Andersen,  J.A.  Vanderhoff,  A.J.  Kotar,  M .  A .  Dewilde, 
and  R.A.  Beyer,  J.  Chem.  Phys.,  77,  1677  (1982). 

14.  B.J.  Sullivan,  G.P.  Smith,  and  D.R.  Crosley,  Chem.  Phys. 
Lett.,  96,  307  (1983). 

15.  D.E.  Milligan  and  M.E.  Jacox,  J.  Chem.  Phys.,  47,  5157 

(1967). 

16.  See  for  example.  H.  Reisler,  M.  Manger,  and  C.  Wittig,  Chem. 
Phys.  Lett,  47,  49  (180). 

17.  X.  Liu  and  R.D.  Coombe,  J.  Chem.  Phys.,  91,  7543  (1989). 

18.  H.  Okabe,  J.  Chem.  Phys.,  53,  3507  (1970). 

19.  A.P.  Ongstad,  R.D.  Coombe,  D.K.  Neumann,  and  D.J.  Stech,  J. 
Phys.  Chem.,  93,  549  (1989). 

20.  M.D.  Burrows,  S.L.  Baughcum,  and  R.C.  Oldenborg,  Appl.  Phys. 
Lett.,  46,  22  (1985). 

21.  X.  Liu,  N.P.  Machara,  and  R.D.  Coombe,  submitted  to  J.  Phys. 
Chem.,  1990. 


34 


**  * 


22.  F.  Rohrer  and  F.  Stuhl,  J.  Chem.  Phys .  ,  <88,  4788  (1988); 

R.D.  Kenner,  F.  Rohrer,  and  F.  Stuhl,  J.  Chem.  Phys.,  86, 
2036  (1987). 

23.  W.S.  Drozdoski,  A.P.  Baronavski,  and  J.R.  McDonald,  Chem. 
Phys.  Lett.,  64,  421  (1979). 

24.  A. V .  Pankratov  and  O.M.  Sokolov,  Russ.  J.  Inorg.  Chem.,  13, 
1481  (1968). 

25.  T.C.  Clark  and  M.A.A.  Clyne,  Trans.  Faraday  Soc.,  6j5,  2994 

(1969). 

26.  R.C.  Petry,  J.  Amer.  Chem.  Soc.,  8j5,  4600  (1967). 

27.  B.  Sukornick,  R.F.  Stahl,  and  J.  Gordon,  Inorg.  Chem.,  2, 
875  (1963). 

28.  P.L.  Goodfriend  and  H.P.  Woods,  U.S.  Gov.  Res.  Dev.  Rep., 
67,  49  (1967). 

29.  D.E.  Milligan  and  M.E.  Jacox,  J.  Chem.  Phys.,  40,  2461 

(1964). 

30.  See  for  example  C.T.  Cheah,  M.A.A.  Clyne,  and  P.D. 

Whitefield,  J.  Chem.  Soc.  Faraday  II,  7£3,  711  (1980),  and 

J.B.  Kofferd,  C.E.  Gardiner,  and  R.F.  Heidner,  J.  Chem. 
Phys.,  83,  2904  (1985). 


35 


31.  R.J.  Malins  and  D.W.  Setser,  J.  Phys.  Chem.  ,  8_5,  1342 

( 1981 )  . 


32. 


J.M.  Herbelin,  C.E.  Gardiner, 
Phys.,  48,  3050  (1977). 


and 


J .  App 1 . 


33.  D.B.  Exton,  J.V.  Gilbert,  and  R.D.  Coombe,  submitted  to  J. 
Phys.  Chem.,  1990. 


34.  D.J.  Benard,  B.K.  Winker,  T.A.  Sedar,  and  R.H.  Cohn,  J. 
Phys.  Chem.,  93,  4790  (1989). 

35.  D.J.  Benard,  M.A.  Chowdhury,  B.K.  Winker,  T.A.  Sedar,  and 
H.H.  Michels,  J.  Phys.  Chem.,  94,  7507  (1990). 

36.  See  for  example  A.  Treinin,  The  Chemistry  of  the  Azido  Group 
(S.  Patai,  ed. ,  Interscience,  1971),  Ch.  1. 


37.  A . T .  Pritt,  Jr.,  D.  Patel,  and  R.n  Co^mlw,  J.  Chem.  Phys., 
75,  5720  (1981). 


36 


